A novel refractive index fiber laser sensor based on a fiber Bragg grating (FBG) integrated with a section of no-core fiber (NCF) is proposed and experimentally demonstrated. The oscillating wavelength of the fiber laser is only decided by the central wavelength of the FBG that is insensitive to the surrounding refractive index (SRI). However, the output power of the fiber laser varies with the SRI because the laser output is filtered by the edge of the bandpass filter (BPF) formed by the multimode interference (MMI) effect in the NCF, which is sensitive to the SRI. By measuring the variation of the output power, a cost-effective power detection RI sensor could be realized. The fiber laser sensor has a linear relationship with SRI and a sensitivity of 113.73 dB/RIU in the RI range of 1.333-1.4076.
Introduction
Refractive index (RI) measurements play an important role in chemical and biological industries. Owing to their intrinsic advantages such as high sensitivity, miniaturize size, immunity to electromagnetic interference and low cost, fiber optic RI sensors have been widely studied and realized in many different ways, such as fiber gratings [1] - [3] , Mach-Zehnder interferometers (MZIs) [4] - [6] , Fabry-Perot interferometers (FPIs) [7] - [9] , and multimode interferometers [10] - [12] . Recently, multimode interferometers based on no-core fiber (NCF) have been deeply investigated for RI measurement [13] , [14] . The structure is constructed by using a section of NCF spliced between two single mode fibers (SMFs). The NCF is a kind of multimode fiber (MMF) which uses surrounding media as its cladding. Therefore, multimode interference (MMI) effect in the NCF is easily influenced by the surrounding refractive index (SRI). This kind of sensor is sensitive to the SRI.
For most of the wavelength encoded RI sensing system based on broadband light source, the resolution is relatively low because the 3 dB bandwidth of the transmission spectrum is large. In order to improve the measurement accuracy, fiber laser sensors based on SMF-NCF-SMF (SNS) structure were proposed [15] - [17] . It is worth noting that the demodulation system of the wavelength encoded sensing system is complicated and expensive. It often needs an optical spectrum analyzer (OSA) to discriminate the wavelength shift, which should be restrained in practical applications. Assisted by the reflection of fiber Bragg gratings (FBG), cost-effective power detection RI sensors could be implemented by measuring the variation of the reflective optical power at the Bragg wavelength [18] , [19] .
In this paper, we proposed and demonstrated a RI fiber laser sensor based on a FBG integrated with a section of NCF. The SNS structure in the laser sensor is only used as the sensing head, which is different from previous reports using the SNS structure not only as the filter but also as the sensing head [15] - [17] . The oscillating wavelength is determined by the central wavelength of the FBG, and then the laser output is filtered by the edge of the bandpass filter (BPF) based on the SNS structure. A cost-effective power detection RI sensor could be realized through measuring the variation of the output power. The laser output is stable, which has a higher optical signal-to-noise ratio (OSNR) and narrower 3 dB bandwidth. The linearity of the sensor is good enough during the measurement range. Moreover, surrounding temperature measurement can be realized by monitoring the peak wavelength of the laser output.
Principle and Experiment Setup
The schematic diagram of the proposed refractive index fiber laser sensor is depicted in Fig. 1 . The sensing head fixed straightly along the platform of an electrothermostat is composed of a FBG cascaded with a BPF based on SNS structure. The SNS structure is fusion spliced with the AUTO MODE in the splicer menu, which is easy to be fabricated by a common commercial fiber fusion splicer (FSM-60s, Fujikura). It should be pointed out that although the fabrication of the SNS structure is easy, it still needs precisely controlling the NCF length and carefully fusion splicing procedures to ensure the transmission spectrum of the BPF. A 8 m long erbium-doped fiber (EDF, GP980) with an absorption coefficient of 12.26 dB/m near 1530 nm is used as the gain medium, which is pumped by a 1480 nm pump laser diode with a maximum output power of 250 mW through a 1480/1550 nm wavelength division multiplexer (WDM). A 3-port optical circulator (Cir) is used to reflect the lasing light into the ring cavity and a dual-stage optical isolator (ISO) is inserted to provide unidirectional oscillating. In addition to be used as the filter of the fiber laser, the FBG plays a major role in probing surrounding temperature, and therefore, the distance between the FBG and NCF is limited to a few millimeters to ensure the FBG and NCF in the same measurement environment. The total cavity length is about 20 m. The central wavelength of the FBG is insensitive to the SRI [20] , but it is sensitive to the surrounding temperature, and therefore, the peak wavelength will keep constant at a fixed surrounding temperature. The laser output from the right end of the FBG is filtered by the edge of the transmission spectrum of the BPF which is sensitive to the SRI, and then monitored by an OSA (AQ6370B). This way, the wavelength shift influenced by the SRI is converted to the output power variation of the laser sensor. The SRI can be measured based on the output power of the laser sensor.
The BPF is formed by MMI effect in the NCF. When the fusion process is ideal, only the linearly polarization L P 0m modes are excited and transmitted in NCF. The input electric field of NCF can be expressed as [21] 
where E m (r ) is the field profile of L P 0m mode, and c m is the excitation coefficient of L P 0m mode, which can be expressed by
Then, after propagating a distance z in NCF, the field distribution can be calculated by
where β m is the propagation constant of the L P 0m mode. From (3), it can be seen that the NCF section field is influenced by the parameters r and z. Therefore, the diameter and length of the NCF will influence the interference within the NCF. The effective RI of the cladding of the NCF will be changed as the RI of the surrounding media varied. As a result, the interference spectrum will be changed with the SRI. To study the field distribution along the NCF, a numerical simulation based on the beam propagation method and parameters used in our experiment was carried out [22] . The core refractive index of the NCF is 1.44 and diameter D is 125 μm. The surrounding air acts as the cladding of the NCF which has a refractive index of 1.0. The input SMF has a core and cladding diameter of 8.2 μm and 125 μm, and the corresponding refractive indices are 1.4682 and 1.4628, respectively. Owing to the self-imaging effect, the energies of the excited high-order modes periodically gather and become a peak in the propagation direction. Fig. 2(a) shows the field distribution along the NCF at the wavelength of 1525 nm and Fig. 2(b) shows the corresponding normalized optical intensity variation. It can be clearly seen the fourth self-image is 59 mm at the input wavelength of 1525 nm. In order to achieve moderate spectrum and minimum insertion loss [16] , [23] , 59 mm NCF was selected to be used in our experiments. The black spectrum in Fig. 3 shows the measured transmission spectrum of the BPF with 59 mm NCF in air. The peak wavelength is about 1525 nm, which is consistent with the input wavelength of the simulation. Based on the MMI theory, the peak wavelength of the BPF can be calculated by
where L is the length of the NCF, and n N CF and D N CF are the effective RI and diameter of the NCF. When the SRI of the NCF increases, the difference between the core and cladding is reduced, which leads to the increase of n N CF and D N CF . According to Eq. (4) the peak wavelength should shift to longer wavelength. The red and blue spectrum in Fig. 3 show the measured transmission spectra of the BPF when the NCF was immersed in deionized water and glycerol solution with 1.4076 RI, respectively. It can be seen that the shape of the transmission spectra almost remain unchanged, only the peak wavelength of the spectra shift from 1536 nm to 1548 nm, which is in good agreement with the theoretical prediction. The central wavelength of the FBG has a direct influence on the SRI measurement. In order to have a linear response of the SRI, it should be located on the relatively smooth edge of the BPF and must be always on one side of the peak wavelength of the BPF during the measurement range. Based on the measured transmission spectra at different SRIs, as shown in Fig. 3 , the central wavelength of the FBG used in our experiment is selected at 1550.19 nm. The inset of Fig. 3 shows the normalized reflection spectrum of the selected FBG. The FBG has a 3 dB bandwidth of 0.18 nm and a reflectivity of 93.87%. Fig. 4 shows the output spectrum of the laser sensor when the sensing head is in air. The lasing wavelength is 1550.19 nm which is consistent with the central wavelength of the FBG. The laser spectrum has a narrower linewidth about 0.04 nm, and the OSNR is higher than 55 dB. The inset shows the stability of the laser output during half an hour with an interval of two minutes. The measured power fluctuations are less than 0.08 dB. Glycerol solutions with different concentration were prepared as the liquid samples for measuring the SRI response of the laser sensor. The RIs of the samples were calibrated by an Abbe refractometer and vary from 1.333 to 1.4076. The surrounding temperature of the sensing head was kept at 25°C, and the 1480 nm pump power was fixed at 250 mW. During the measurement, the sensing head was totally immersed in liquid samples and the sensing head was repeatedly cleaned by deionized water and dried in air after each measurement. Fig. 5 shows the selected output spectra of the laser sensor at the SRI of 1.333, 1.3681 and 1.4076. The peak wavelength is fixed at 1550.19 nm, and the output power increases with the refractive indices. As the SRI increases, the transmission spectrum of the BPF has a red shift to longer wavelength, which in turn reduces the insertion loss of the FBG location and thus makes the output power increased. Compared with the RI sensor based on reflection spectrum of the FBG [19] , the fiber laser sensor has the advantages of higher output power, narrower linewidth and higher OSNR. The measurement accuracy can be significantly improved by measuring the peak power of the laser sensor. Furthermore, the output power can also be measured via a cost-effective power meter. The relationship between the SRI and the output power is depicted in Fig. 6 when the SRI changes from 1.333 to 1.4076. The linear fit has an R 2 value of 0.994 and indicates that the RI sensitivity is 113.73 dB/RIU. It worth noting that the RI measurement range and sensitivity are determined by the transmission spectrum of the BPF and the central wavelength of the FBG. During the measurement range, the peak wavelength of the BPF should always locate on the left side of the FBG to get a linear response. In order to expand the measurement range, the central wavelength of the FBG should be moved to longer wavelength, but it cannot exceed the linearity range of the BPF fringe. Furthermore, the sensing sensitivity is directly related to the wavelength shift of the BPF and the slope of the BPF fringe. At a certain RI range, the BPF based on thinner NCF has a larger wavelength shift [24] , which can lead to more power variation. Another effective way is to double the length of the NCF used in the SNS structure because the doubled length of the NCF can narrow the bandwidth of the BPF, which leads to the steep BPF fringe. The steep BPF fringe can induce more power variation at a certain RI range, which effectively improve the sensing sensitivity, but it should be noted that the steep BPF fringe limits the measurement range.
Experiment Results and Discussions
The output power stability of the laser sensor has a direct influence on the measurement accuracy of the sensor. In order to evaluate the measurement error, the output powers were recorded every two minutes within half an hour when the sensing head was immersed in deionized water and glycerol solution with 1.4076 RI, respectively. During the measurement time, the maximum power fluctuations are 0.03 dB and 0.06 dB, as shown in Fig. 7 , corresponding the maximum RI measurement error of 5.27 × 10 −4 RIU. That means the laser sensor has a stable output and the measurement error can be neglected.
Thermal effect will also result in the spectrum drift, and so temperature variation will induce the cross sensitivity. In order to characterize the temperature response of the sensor, the electrothermostat was adjusted from 30°C to 80°C with a step of 10°C, and the sensing head was fully exposed in air. The output peak wavelength and power were recorded at different temperature, as shown in −4 RIU, which indicates the temperature variation does not have significant influence on the RI measurement. This phenomenon is attributed to the fact that the transmission spectrum of the BPF has the same wavelength shift direction with the FBG [25] . The relative wavelength shift caused by temperature variations can be written as λ/λ = (α N CF + ξ) T , where α N CF is the coefficient of thermal expansion, and ξ is the thermo-optic coefficient of the NCF material. It is obvious that an increase in temperature will cause the transmission spectrum of the BPF to shift to longer wavelengths. The transmission spectrum shift then compensates the power fluctuation caused by the wavelength shift of the FBG. The proposed sensor has potential application in temperature-immune RI measurement. Moreover, the oscillating wavelength of the laser sensor is only determined by the central wavelength of the FBG, which is sensitive to the surrounding temperature. Therefore, temperature measurement can be realized by detecting the peak wavelength of the laser output.
Conclusion
In conclusion, we have proposed and demonstrated a novel RI fiber laser sensor based on FBG integrated with NCF structure. The oscillating wavelength of the fiber laser keeps constant at the fixed pump power and surrounding temperature because the FBG is insensitive to the SRI. However, the ultimate output power varies with the SRI due to the edge filter through the BPF based on SNS structure which is sensitive to the SRI. This converts the SRI information into the variation of the output power. The fiber laser sensor shows a linear sensitivity of 113.73 dB/RIU in the RI range of 1.333−1.4076. The fiber laser sensor has a stable output and the maximum RI measurement error is only 5.27 × 10 −4 RIU. Thermal effect has little effect on the measurement of RI due to the wavelength shift compensation of the SNS structure. Moreover, by discriminating the peak wavelength of the laser output, temperature measurement can be realized.
